Fruit splitting is a preharvest physiological disorder that occurs in many commercially important fruit species, including some citrus cultivars such as Navel oranges, Valencia oranges, and some mandarins. The phenomenon is affected by both genetic background and environmental conditions, causing heavy fruit loss in splitting-prone cultivars in some years. For instance, high levels of irrigation usually enhance splitting incidence. The phenomenon initiates at the end of the summer, toward fruit maturation, and to date, there is no way to predict splitting incidence. Here, we tested the ability of nondestructive magnetic resonance imaging (MRI), which does not alter the dimensions of the internal fruit tissues, to predict splitting incidence in 'Nova' mandarin fruit populations of trees subjected to two levels of irrigation (low and high). Samples, collected about two months prior to splitting appearance, were sorted by their internal tissues dimensions. Among all measured tissues, sorted navel dimensions showed the best correlation with splitting incidence. This was determined by dividing the MRI-sampled fruits into two populations, according to the actual splitting incidence, as calculated at the end of the season. Prediction of the splitting percentage in the low irrigation fruit population was than possible in the high irrigation fruit population, and vice versa. These results demonstrated the power of MRI to predict splitting probability as early as 2 months before split fruit are found. In addition to its potential practical application, the ability to predict splitting probability in a given fruit population could help elucidate the mechanism underlying the disorder.
Introduction
Fruit splitting is a preharvest physiological disorder that affects several commercially important horticultural crops, including apples, cherries, grapes, apricots, tomatoes, and pomegranates (Khadivi-Khub, 2015; Opara et al., 1997) . Citrus fruit are prone to splitting, including the orange cultivars Valencia and Navel, and the mandarin cultivars 'Nova', 'Murcott', 'Mor', and 'Nectar' (Cronje et al., 2014) . The disorder in citrus starts with a small crack in the outer peel, termed flavedo, usually at the stylar end of the fruit. The crack extends into the inner peel, termed albedo, causing tearing of the vascular bundles (Garcia-Luis et al., 1994) . At the same time, it extends toward the equator of the fruit, usually also resulting in pulp cracking. Rarely, the crack initiates in the fruit equator. Fruit splitting starts at the end of the summer and lasts for about 3 months, Received; February 9, 2016. Accepted; May 26, 2016 . First Published Online in J-STAGE on July 12, 2016. * Corresponding author (E-mail: vhasadka@volcani.agri.gov.il).
causing fruit drop and yield losses. Splitting frequency varies between years and geographical locations. In most years, 10-25% of the fruit are lost, but in some years, 50-60% yield losses can occur in splitting-prone cultivars. In such years, it can also occur in cultivars that are usually not prone to splitting, such as the 'Orri' mandarin, as observed in the field.
It is widely accepted that fruit splitting is caused by non-adjusted growth between the peel and the pulp. During the second phase of fruit development, peel thickness is generally somewhat reduced, while the pulp volume increases (Spiegel-Roy and Goldschmidt, 1996) . However, in most cultivars, the peel can still resist the growing pulp, whereas in cultivars that are prone to splitting, this non-adjusted growth probably causes the splitting (Cronje et al., 2014) . Large fruit and oblate fruit, in which the ratio between fruit diameter and height (from the pedicle end to the navel end) is > 1, tend to split more often than small and round ones (Garcia-Luis et al., 2001) . Splitting-prone cultivars have been characterized as having a cavity present at the base of the style, just below the point where it breaks following fruit set (Garcia-Luis et al., 1994) .
Altered irrigation significantly affects splitting incidence: enhanced irrigation, which results in pulp expansion, increases the percentage of split fruit, whereas reduced irrigation has the opposite effect (Goldschmidt et al., 1992) . The great induction in splitting probability in some years suggests that the phenomenon is affected by as-yet undetermined environmental conditions, such as warmth or humidity (Cronje et al., 2014) . Endogenously, peel mineral composition may affect splitting. Low potassium and calcium concentrations have been associated with the disorder, and have been suggested as applicative tools to correct it (Barry and Bower, 1997; Cronje et al., 2014) . Auxin and gibberellins have been reported to have opposite effects on splitting. While auxin treatment following fruit set reduces it, gibberellin treatment induces it, probably by increasing the ratio between fruit diameter and height, resulting in more oblate fruits (Garcia-Luis et al., 2001) . Practical treatments to reduce splitting are based on combining auxin with potassium (Greenberg et al., 2006; Stander et al., 2014) . However, these treatments are only partially effective, due to high variability in the disorder among locations and between years.
Understanding the mechanical, physiological, and biochemical bases of splitting is challenging because the causes need to be characterized much earlier than the symptoms. However, predicting splitting probability at the single-fruit level is currently impossible. Alternatively, the ability to identify fruit populations that have different splitting probabilities may provide a good tool to study the problem, and to provide the grower with information regarding the expected splitting percentage. Measurements of fruit internal tissue dimensions and the ratios between them may well be indicative as to splitting probability. However, cutting the fruit is expected to alter its internal dimensions. In contrast, magnetic resonance imaging (MRI) enables nondestructive imaging of an organ or tissue based on its water content. The recent development of preclinical machines has enabled their practical use to investigate internal fruit characteristics, such as seed number and juice content (http://www.aspectimaging.com/pre-clinical/ products). In the current study, we investigated the use of MRI to predict fruit splitting in trees irrigated with different levels of water. Results suggest that splitting probability can be predicted in as early as July, about 2 months before the first appearance of split fruit.
Materials and Methods

Plant materials
Uniform trees of 'Nova' mandarin (Citrus reticulata Blanco) grafted on 'Volkameriana' rootstock (Citrus limonia Osbeck) and grown in the central coastal area of Israel were selected for the experiments, which were performed in 2012 and 2013. In 2012, the experimental plot contained three blocks of six trees each. Three trees in each block were irrigated with regular irrigation (100%), whereas for the other three trees, irrigation was doubled by doubling the number of drippers (200% per year. Weather conditions in the experimental site are characteristics of Mediterranean climate during the summer and early fall, i.e., no precipitation, with a maximal daily temperature of 30-32°C and minimal daily temperature of 18-20°C. Split fruit were counted on the trees or on the ground every week and removed. The remaining fruit were counted during the commercial harvest. The cumulative splitting percentage ( Fig. 1 ) was calculated at each time point per total number of fruit (harvested and dropped due to splitting). The relative percentage of split fruit (Fig. 1 , insets) was the number of split fruit during each time point per total number of fruit (harvested and dropped due to splitting).
MRI
In 2012, 10 to 13 fruits (total, 32 from 100% irrigation and 38 from 200% irrigation) were sampled from each block for MRI on 21 Aug. Longitudal scanning was performed using a 1 Tesla M10 MRI Scanner (Aspect Imaging, Shoham, Israel) with the following parameters: FSE, TE = 59 ms, TR = 2000 ms, time of scan = 2 min 8 s, resolution = 0.195 × 0.195, matrix size = 256 × 256, FOV = 50 mm × 50 mm, slice thickness = 1.5 mm. In 2013, 16 fruits from each block (total, 48 from 50% and 200% irrigation) were sampled on 2 Jul. Scanning was performed by BioImage (Haifa, Israel) using a 7 Tesla 7T/30 MRI Scanner (Brukner, Germany) with the following parameters: RARE, TE = 18 ms, TR = 700 ms, time of scan = 2 min 14 s, resolution = 0.195 × 0.195, matrix size = 256 × 256, FOV = 50 mm × 50 mm, slice thickness = 1.5 mm. The images were analyzed using ImageJ (http://imagej.nih.gov/ij/) software. Scale in ImageJ was set under the Analysis tab by inserting the number of pixels and the actual size of the scan photo (5 cm) followed by measurements of all internal tissues dimensions using Line tool, and Measurement under the Analysis tab. The resolution of the images was 0.28 mm/pixel. Regardless of the number of acquired slices from each MRI scan, tissue measurements were performed on the central slice, as shown in the example in Figure 2 . All fruits used for MRI scanning were cut longitudinally in their center, photographed using a camera (DSC-F828; Sony, Japan), and the photographs were analyzed as above (as shown in the example in Fig. 2 ). 
Analysis of tissue dimensions, and their use in predicting splitting incidence
The following tissues were measured in MRI scans and in photographs of cut fruits, as described above: navel height, from the external side into the inner side of the fruit, navel width, at its maxima, average of the albedo width at the two sides of the navel, albedo width in the fruit equator, flavedo width at the fruit equator, fruit pulp at the fruit equator, and fruit diameter at the equator. The dimensions were than sorted from small to large. By knowing the actual splitting incidence in the field, fruit populations used for MRI scans could be divided into split and non-split. For example, if the splitting incidence in the field was 40% and a sample of 40 fruits was scanned, 16 fruits in that sample were expected to split. This allowed searching for a cutoff value for each measured tissue above/below which fruits are prompted to split. Based on this cutoff value in one irrigation regime, the proportion of fruits expected to split in the other irrigation regime was determined. This proportion was then compared to the percentage of actual splitting incidence in the field using the Chi Square (χ 2 ) test, which compares probabilities. In order to avoid unbalanced analysis (resulting from the actual use of proportions rather than absolute values), proportion values were logarithmically transformed prior to the χ 2 test. In addition to absolute values, the ratios between the various tissues dimensions were also calculated, sorted and analyzed to look for the cutoff ratio value, as described above.
Other statistical analyses
All statistical analyses were conducted using JMP software (SAS Institute, NC, USA). All data was subjected to one-way analysis of variance (ANOVA).
Results and Discussion
Splitting incidence
Split fruits were monitored visually on the trees or on the ground, counted periodically, and removed, allowing to calculate splitting percentage periodically. In 2012, first split fruits were detected on 24 Sep, whereas in 2013, they were detected on 27 Aug. In addition, there was a significant difference in the overall splitting incidence between the years in the control trees (100% irrigation): 30% in 2012 and about 55% in 2013 (Fig. 1) . Elevated irrigation (200%) induced splitting incidence from 30% to 52% in 2012, but no such increase was evident in 2013. On the other hand, reducing the irrigation to 50% in 2013 resulted in a marked decrease in splitting, from 55% to 2.8%. Splitting incidence increased gradually in 2012, reaching a peak in mid-October, and then declined gradually until the end of November (Fig. 1A, inset) . A second peak was evident toward harvest. Splitting peaked at the beginning of October in 2013, and then declined gradually until harvest (Fig. 1B, inset) . Fruit splitting in citrus, as in other fruits, occurs toward maturation and ripening (Khadivi-Khub, 2015) ; therefore, from an evolutionary point of view this phenomenon may provide an advantage by facilitating dissemination of mature seeds.
Mean values of pulp diameter, albedo width, and navel dimensions are correlated with splitting incidence
Fruit samples from trees subjected to 100% and 200% irrigation in 2012, and 50% and 200% irrigation in 2013, were scanned by MRI. Sample scans are shown in Figure 2 (upper panel) . All fruit tissuespulp, flavedo, and albedo-are clearly visible on the MRI scans due to their different water contents. The use of nondestructive imaging approaches to detect internal fruit tissues and determine quality has become highly developed in recent years. For instance, optical coherence tomography and visible/near infrared spectroscopy have been recently suggested as useful tools to predict peel collapse in stored citrus fruit (Magwaza et al., 2013 (Magwaza et al., , 2014a . Similarly, MRI has been used to analyze internal changes in fruit during postharvest storage (Defraeye et al., 2013; Galed et al., 2004; Gonzalez et al., 2001; Herremans et al., 2014; Lammertyn et al., 2003; Letal et al., 2003) . Our sample scans show examples of internal navel tissues of various sizes (Fig. 2 , marked with arrows). The navel originates from a nonterminating flower meristem which grows into the style or, more precisely, into the open cavity which is characteristic of splitting-prone cultivars (Almela et al., 1994; Garcia-Luis et al., 2001) . Internally, the navel looks like a small fruit of variable size, with a pulp-like tissue. Externally, the navel produces peel-like tissue which fills the cavity. Fruit splitting occurs in many navelcontaining citrus cultivars.
Averages of fruit tissues from MRI scans are presented in Figure 3A , B for 2012 and 2013, respectively. No difference in fruit diameter could be detected in either year between the compared irrigation regimes at the time of scanning; by harvest however, as expected, fruits under higher irrigation were larger (data not shown). Nevertheless, in 2013 (but not in 2012), the pulp diameters in fruit irrigated with 200% irrigation were significantly larger than in those irrigated with 50% irrigation. The albedo width at the fruit equator and on the navel side showed the opposite trend, with a higher level of irrigation resulting in reduced width. This result was expected, because the albedo is a spongy peel tissue which is quite flexible as compared to the external peel tissue-the flavedo-which is relatively rigid. Thus, increased pressure from the expanding pulp is expected to condense the albedo. However, following maximal condensation of the albedo, the continuing pulp expansion is expected to put pressure on the flavedo as well, causing it to crack. This would explain why fruit splitting is not only characteristic of fruit species with thin skin, such as apples, berries, tomatoes, and peppers, but also of fruit with thick, 154 N. Zur, L. Shlizerman, G. Ben-Ari and A. Sadka multi-tissue skins, such as pomegranates and oranges. Although these fruit originate from different organs, such as the ovary and receptacle, their peels usually have a common structure and function. According to a broader version of the epidermal growth control hypothesis, peels should resist tension forces of the developing internal fruit tissues (Kutschera and Niklas, 2007; Thompson et al., 1998) . The peel cell wall has high tensile strength, which must be loosened to allow expansion (Thompson et al., 1998) . Indeed, induced expression of expansins, which play a role in wall stress relaxation and extension, has been suggested to reduce fruit susceptibility to fruit cracking (Khadivi-Khub, 2015) . Other cell-wall enzymes-xyloglucan endotransglycosylase and β-galactosidase (Lu et al., 2006; Moctezuma et al., 2003) , and the genes Fruitfull-and Shatterproof-like (Tani et al., 2007) , are also involved. Taken together, it can be assumed that in splitting-prone cultivars, cell-wall loosening in the peel is reduced, resulting in crack formation.
The only consistent result in both years was the induction of navel size-width and height-under 200% irrigation as compared to 100% irrigation in 2012 and 50% irrigation in 2013. The increase in navel size and splitting incidence (Fig. 3A, B ) is in agreement with a previous report (Garcia-Luis et al., 2001 ). However, external measurements of navel area do not always correlate with splitting incidence, demonstrating the importance of internal measurements, as shown here. Also it should be noted that auxin treatment, which reduce splitting incidence and increase fruit size, induces navel size (Garcia-Luis et al., 2001) . Therefore, the induction in navel size, although correlated with induced splitting, is not necessarily its cause. Tissue measurements were also performed on photographs of the same fruits used for MRI scans following cutting. However, navel dimensions in both years, albedo width in 2013 and pulp diameter in 2013 did not vary significantly between the different irrigation regimes, as shown for navel size in 2012 and albedo width and pulp diameter in 2013 (Fig. 3C) . It should also be noted that both pulp diameter and albedo width showed lower values in the MRI scans as compared to the measurements taken following fruit cutting. These results demonstrate the power of MRI scans over photographs scans of cut fruits; cutting the fruit releases the internal pressure caused by the pulp on the albedo, which abolished the differences in width between the two irrigation regimes. Pulp diameter under 200% in 2013 was larger than under 50% irrigation, but these differences were masked following fruit cutting. Similarly, differences in navel dimensions were also masked by cutting. Under 200% irrigation measures of both MRI scans and photos of cut fruits gave similar values, but in 100% irrigation navel width and height seemed considerably larger in the photos of the cut fruit. This suggests that the induced irrigation resulted in different navel structure/ properties, such as cell wall stiffness.
Navel dimensions early in the season can help predict splitting incidence
We wanted to evaluate the possibility of using MRI as early as possible during fruit development to predict splitting probability. In this respect, dimension averages Hort. J. 86 (2): 151-158. 2017. (Fig. 3) , although informative, are of limited use. To identify fruit populations in the MRI-scanned fruits that may be correlated with actual splitting incidence, tissue dimensions of the scanned fruits were sorted from small to large (data not shown). Actual splitting incidence in the field allowed determination of how many fruits were expected to split in the sample used for MRI scanning. Two hundred percent irrigation was correlated with larger navel dimensions as well as induced splitting incidence ( Fig. 3 ; in 2012, navel width and navel height differed between the two irrigation regimes with P(t) < 0.03 and P(t) < 0.003, respectively, and in 2013, navel width and navel height differed between the two irrigation regimes with P(t) < 1.95 × 10 and P(t) < 6.54 × 10 −8
). Therefore, we assumed that there may be a cutoff dimension of navel size (width and height) above which fruit probability to split would significantly increase. If so, splitting incidence in fruit populations irrigated with one irrigation regime could be predicated from the cutoff values taken from a fruit population irrigated with the other irrigation regime. Indeed, cutoff values of both navel width and height could predict fruit splitting under 200% irrigation from 100% and 50% irrigation in 2012 and 2013, respectively, and vice versa (Table 1) . For example, in 2012, actual splitting under 100% irrigation was 30.4%, meaning that 9 out of 32 fruits in the MRI sample were prompted to split. The cutoff value of navel width was 2.55 mm and that of navel height was 2.25 mm. Based on these cutoff values, the predicted splitting incidence under 200% irrigation was 46.6% from navel width and 56.6% from navel height. According to the χ 2 test these values were not significantly different from the actual splitting value of 52.7%. Based on this analysis, we concluded that the Table 1 . Predictions of splitting incidence for a given year from low irrigation to high irrigation, and vice versa, based on navel width and height, and explanations of how these predictions were made. In addition to navel width and height, we determined whether other internal fruit dimensions, which significantly varied between the irrigation regimes ( Fig. 2) could predict fruit splitting, i.e, pulp diameter, and albedo width at the fruit equator and on the navel side. However, these factors could not predict splitting incidence from one irrigation regime to the other (data not shown). The ratios between the dimensions of the various measured tissues were also calculated, sorted, and analyzed. However, only the ratios of navel dimensions to other tissues were usually in good agreement with splitting incidence (Table 2 ). The various ratios allowed prediction of splitting incidence besides the following ratios: navel width/pulp diameter in 2013 (both directions), navel width/albedo equator width in 2013 (from 50% to 200% irrigation), navel width/flavedo width in 2013 (from 50% to 200% irrigation), navel height to pulp diameter in 2013 (from 50% to 200% irrigation), navel height/albedo equator width in 2013 (50% to 200% irrigation), and navel width/flavedo width in 2012 (from 200% to 100% irrigation).
Year Prediction direction Parameter
Conclusions
In summary, in addition to genetic background, fruit splitting is greatly influenced by environmental conditions and varies widely between years and among geographical locations (Cronje et al., 2014) . Therefore, finding tools that can predict the incidence of splitting in a given year and plot is important. Prediction of splitting incidence among fruit populations is also valuable for studying the mechanism(s) underlying the phenomenon. In this study, MRI seemed efficient at predicting splitting incidence at least 2 months prior to the disorder's first appearance in the field by navel dimensions. The power of MRI was demonstrated in comparison to measurements taken from cut fruit; while the latter did not show any significant differences, the former showed significant differences between populations of fruit with various probabilities of splitting.
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